Contrast response functions (CRFs) from multifocal visual-evoked potential (mfVEP) and BOLD fMRI responses were obtained using the same stimuli to test the hypothesis of a linear relationship between the mfVEP and BOLD fMRI responses. Monocular mfVEP and BOLD fMRI responses were obtained using an 8-in diameter, dartboard pattern stimulus with reversing checkerboards. Six contrast conditions (4%, 8%, 16%, 32%, 64%, and 90%) were run. The mfVEP, largely generated in V1, was compared to the BOLD fMRI signal from V1 and extrastriate cortex. Retinotopic maps of each subject were acquired and used to localize the V1 area. For all subjects, the CRFs for the mfVEPs and BOLD fMRI responses showed good agreement, suggesting that they both share the same functional relationship with underlying neural activity. In particular, this result is consistent with the assumption that the relationship between the BOLD response and underlying neural activity is linear, although the particular linear model proposed by
Introduction
Functional magnetic resonance imaging (fMRI) has been widely used to study the function of the human brain. While it is clear that the physical basis of the BOLD contrast signal is the oxygenation-dependent magnetic susceptibility of hemoglobin and blood volume (Bandettini, Wong, Hinks, Tikofsky, & Hyde, 1992; Kwong et al., 1992; Ogawa, Lee, Kay, & Tank, 1990; Ogawa et al., 1992 ; for a review, see Logothetis & Pfeuffer, 2004; Moseley & Glover, 1995) , it is less clear how this BOLD response is related to the underlying neuronal activity.
The most direct evidence concerning the relationship between the BOLD response and neuronal activity comes from studies in non-human primates comparing the intracortical recordings of neural signals with the BOLD fMRI responses (Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001; Shmuel, Augath, Oeltermann, & Logothetis, 2006) . They recorded single-and multi-unit spiking activity (SUA and MUA) and local field potentials (LFPs) simultaneously with BOLD responses from the region of V1 and reported that the LFP and MUA correlated with the BOLD response. In general agreement, a number of studies on lower mammals support this relationship between the neural activity and the BOLD fMRI response (e.g., Kayser, Kim, Ugurbil, Kim, & Kö nig, 2004; Mathiesen, Caesar, Akgören, & Lauritzen, 1998; Niessing et al., 2005; Ogawa et al., 2000; Smith et al., 2002; Sheth et al., 2003) . Logothetis et al. (2001) also concluded that the form of the relationship between the BOLD response and the neural activity was linear. If true, this has important implications for the use of the fMRI in studying underlying human neuronal activity. However, further analysis suggested the relationship was only monotonic, not linear (Heeger & Ress, 2002; Logothetis & Wandell, 2004) . Thus, while these non-human primate data strongly support a correlation between the local physiology and the local BOLD response, they do not supply strong support for a linear relationship.
Motivated by the linearity observed between the monkey's single neuron activity and the human BOLD response for V5 (Rees, Friston, & Koch, 2000) , Heeger et al. (2000) took a different tack to probe the nature of the BOLD response. In particular, they compared the predictions of a model based upon recordings from monkey V1 neurons (Albrecht, 1995; Albrecht, Geisler, Frazor, & Crane, 2002; Albrecht & Hamilton, 1982; Geisler & Albrecht, 1997) to the human fMRI data from a previous experiment (Boynton, Demb, Glover, & Heeger, 1999) . The contrast response functions (CRFs) predicted by the V1 model showed a striking similarity to the CRFs for the human BOLD response. As the models' response was the summed neuronal spike activity, their results support the assumption that there is a linear relationship between the BOLD response and the average underlying neuronal firing rate (Heeger et al., 2000) .
More recently, Hood et al. (2006) compared the predictions of the Heeger et al. (2000) V1 model to CRFs for the human multifocal VEP (mfVEP). The mfVEP was chosen for two reasons. First, it is a measure of human cortical activity. Second, the mfVEP appears to be generated largely in V1 (Baseler, Sutter, Klein, & Carney, 1994; Hood & Greenstein, 2003; Klistorner, Graham, Grigg, & Billson, 1998; Slotnick, Klein, Carney, Sutter, & Dastmalchi, 1999; Zhang & Hood, 2004 ). The V1 model did not completely describe the mfVEP results. In particular, the CRFs for the mfVEP were fitted well up to about 40% contrast by the Heeger et al. V1 model, but there was a systematic deviation for higher contrasts. Hood et al. concluded that this discrepancy might be due to the violations of one or more of the model's assumptions and/or a lack of similarity between the stimulus conditions used for the neuronal recordings and the mfVEP. They suggested that CRFs for the mfVEP and fMRI should be tested under similar stimulus conditions. The purpose of the current study was to compare CRFs for mfVEP and BOLD fMRI response to identical visual stimuli. The excellent agreement found between the CRFs for the mfVEP and BOLD fMRI responses suggests that they share the same functional relationship with underlying neuronal activity.
Methods Subjects
The seven subjects, three males and four females (mean age = 21.8 T 3.4 years), had 20/20 corrected vision and no known visual abnormalities. Informed consent was obtained from all subjects before their participation. Procedures adhered to the tenets of the Declaration of Helsinki and the protocol was approved by the committee of the Institutional Board of Research Associates of Columbia University.
Multifocal VEP stimuli and tasks
The mfVEP display was a dartboard display comprised of a number of sectors, each with a checkerboard pattern. Both the sectors and the checks inside a sector varied in size with retinal eccentricity according to a cortical magnification factor (Baseler et al., 1994) . The stimuli were projected onto a rear projection screen with a LCD video projector (Epson Model PowerLite 81p, Nagano, Japan). Because of the constraints of the projection system in the fMRI scanner, the visual angle of the dartboard pattern was restricted to a field 8-in diameter. The dartboard consisted of 24 independent sectors with three rings, 1.5-(1st ring with 4 sectors), 3.6-(2nd ring with 8 sectors), and 8-(3rd ring with 12 sectors) in diameter ( Figure 1) .
Each sector was an independent stimulus that reversed in contrast every 13.33 ms (screen refresh rate of 75 Hz) according to a pseudo-random m-sequence (Sutter & Tran, 1992) . The mean brightness of screen was kept at 100 cd/m 2 and the contrast of dartboard stimulus was set to one of six levels: 4%, 8%, 16%, 32%, 64%, and 90%, defined as the ratio of the difference between the bright and dark checks to their sum. The mfVEP stimulus presentation was controlled by a custom built program (Zhang, 2003) . To control attention, the subject was instructed to fixate on the center cross, which changed in color at variable intervals, and count the number of times that it appeared red during the session. This task was performed during both the mfVEP recording and the fMRI scanning.
mfVEP recording
The mfVEPs were recorded from each subject on three separate days. Each day contained two sessions. Within each session, the 6 contrast conditions were arranged in random order. Each of the contrast conditions consisted of 16 segments of a 1024-step m-sequence that lasts 13.6 seconds. Figure 2A illustrates the experiment design. Note that two sessions with 6 runs repeated in the mfVEP recording. After two sessions, 32 segments for each contrast condition were completed.
The electrodes that comprise the midline channel were placed at the inion (reference) and 4 cm above the inion (active) with a forehead electrode as the ground. Additional active electrodes were placed at 4 cm lateral (left or right) to the midline and 1 cm above the inion (also active). The midline active electrode and the two lateral active electrodes were referenced to the inion electrode and created three recording channels. The positions of the active electrodes were based on anatomical considerations and chosen to optimize mfVEP recording (Hood, Zhang, Hong, & Chen, 2002) . The continuous VEP record was amplified with the high and low frequency cutoffs set at 3 and 100 Hz (Grass PreAmplifier P511J, Quincy, Mass.). The mfVEP responses were filtered offline with the high and low frequency cutoffs set at 3 to 35 Hz using a fast Fourier transformation. The resistance of electrodes was less than or equal to 5 k. In general, more information about the mfVEP recording and analysis can be found in Hood et al. (2006) .
The SNR measure
Special purpose software written in MATLAB (Mathworks Inc., Mass.) took as its input the mfVEP records (2nd order kernels for the 24 sectors of the display) from all possible combinations of three active channels and one reference channel. The software produced the results in the form of trace arrays and performed quantitative analysis based upon the signal-to-noise ratio (SNR) of the records. In calculating the SNR, the root mean square (RMS) amplitude of the "signal window," which contains signal plus noise, is divided by the mean RMS amplitude of the noise windows obtained in the 24 responses. The "noise window" is free of a response and of equal length to the time window of the response analysis. In particular, the signal window was 45-150 ms and the noise window was 325-430 ms. The combination of three active and one reference electrodes produced six channels of recording per each sector. SNR analyses were performed on the "best" responses from these six channels (for details, see Hood & Greenstein, 2003; Hood et al., 2002) . Data from 2 participants whose maximum SNR did not reach criterion (i.e., SNR 9 2) were excluded from further analysis. In general, more information about the mfVEP recording and analysis can be found in Hood et al. (2006) .
fMRI imaging acquisition and analysis
All the participants had three fMRI scanning sessions, which were designed to be as similar as possible to the mfVEP sessions. The dartboard stimuli were the same and the subjects monitored the number of red fixation crosses as in the case of the mfVEP sessions. The stimuli were projected onto a rear projection screen by a multimedia projector (Sanyo Model No. PLC-XP30, Osaka, Japan), and the subject viewed the screen via a mirror on the head coil in the scanner.
An fMRI run lasted three minutes during which the visual stimulus was presented in six blocks. Each block lasted 13.6 seconds and was followed by a 16.4-second rest period to assure the recovery of the hemodynamic response. Each run included only one contrast condition and the order of the six runs was the same as the order of the mfVEP recording ( Figure 2B ).
Imaging was performed on a General Electric (Milwaukee, Wisconsin) Signal 1.5-T MRI scanner equipped with a gradient head coil (TR = 2000 ms, TE = 51 ms, FA = 60-). Whole brain echo planar images of 21 axial slices parallel to the AC-PC line were acquired with a spatial resolution of 3.0 Â 3.0 Â 4.5 mm. Anatomical images were obtained using a T1-weighted SPGR sequence at resolution of 1.2 Â 1.2 Â 1.2 mm.
The functional images were filtered with a 100-second high-pass temporal filter. BOLD EPI magnitude images were spatially smoothed (FWHM = 5 mm). The global mean was set as covariance and removed by using regressor (Aguirre, Zarahn, & D'Esposito, 1998) . A general linear model (GLM) was followed with withinsubject averaging using a fixed effect model. The corrected z-statistic images for activation maps were threshold using a criterion of Z 9 2.3. All analyses were done with SPM2 (Statistical Parametric Mapping, The Wellcome Department of Imaging Neuroscience, London, England; http://www.fil.ion.ucl.ac.uk/spm/spm2.html) and other customized MATLAB programs.
Retinotopic mapping
Retinotopic maps were obtained for all subjects using a 90-wedge (Engel, Glover, & Wandell, 1997 ) that rotated 30-clockwise every 4 seconds. These echo planar images were acquired at a resolution of 3.0 Â 3.0 Â 3.0 mm (TR = 2000 ms, TE = 54 ms, FA = 60-). Images were combined over two 148-second sessions. The functional imaging data were analyzed using Brain Voyager QX software (Brain Innovation B.V.). V1/V2 boundaries were drawn according to the vertical meridian near the fundus of the calcarine fissure.
Regions of interest (ROIs)
Regions of interest (ROIs) were determined for V1, and the extrastriate regions of the occipital cortex. The visual areas were further divided into rings according to eccentricity. Because there is substantial inter-subject variability in the anatomy of the visual cortex (Dougherty et al., 2003; Stensaas, Eddington, & Dobelle, 1974) , the V1 and extrastriate ROIs were obtained separately for each subject based on retinotopic mapping. Figure 3 illustrates the V1 and extrastriate (ES) areas for the average ring map from 5 subjects. To obtain these maps, the visual activation area [i.e., the z-statistic images (z 9 2.3)] for the highest contrast levels of 90% condition was determined, and the V1 ROI was defined as the portion of the visual activation area shared with the V1 mask obtained by the retinotopic mapping procedure. The extrastriate (ES) visual area was defined as the visual activation area outside of the V1 mask, but within the occipital lobe, according to the WFU pick-atlas software (Maldjian, Laurienti, Kraft, & Burdette, 2003) . The z-score from each voxel was computed and only positive z-scores, which indicated greater activation during stimulus presentation, were used for further analyses. 
Comparison of signals from mfVEP and fMRI
The contrast response function (CRF) for both the fMRI and mfVEP data were fitted by an equation used to describe the CRF of V1 neurons (Albrecht et al., 2002; Naka & Rushton, 1966; Sclar, Maunsell, & Lennie, 1990) . In particular,
where R esp is the amplitude of the response to the stimulus, B is the baseline, R max is the asymptotic amplitude of the response, C is the contrast of the stimulus, ! is the exponential term that alters the steepness of the CRF, and A is the semi-saturation contrast.
Goodness of fitness
The goodness of fitness of Equation 1 was measured with the coefficient of determination, R 2 , which was calculated like below:
where RSS is the residual sum of squares and TSS is the total sum of squares. i is the number of corresponding contrast conditions. R i is the actual data for each contrast, and R i.model is the expected value from Equation 1. R À is the mean of all 6 R i . Figure 4 shows the grand-average of the mfVEP responses (best channel) from all 5 subjects. Each set of 6 waveforms shows the responses to a particular sector of the dartboard display. Two sets were enlarged and shown as insets. Note that the amplitudes in the signal window (45-150 ms shown as the dashed lines) increased systemically with increase in contrast. Figure 5A shows the CRFs (i.e., the SNR of the mfVEP as a function of contrast) for one subject (S1). The thin blue lines are the results for the 3 mfVEP recording sessions. The open circles show the median values for the 3 sessions. The results for the other 4 subjects are shown in the upper row of Figure 5C . In general, the mfVEP amplitude (SNR) increased with stimulus contrast for all subjects.
Results mfVEP
Equation 1 values were all greater than 0.9. The parameters of best fit of Equation 1 are shown in first 5 rows of Table 1 . The baseline B was essentially zero for all subjects except S2 (0.83). The mean T SD of the semi-saturation contrast A was 9.8% T 2.7% and the mean T SD of the maximum response R max was 3.75 T 1.17. The mean T SD of ! was 1.36 T 0.80.
The median values (open circles) from each subject were normalized by the value for 32% contrast. These normalized values were averaged and are shown in Figure 6 as the black open circles. The black curve is the fit of Equation 1 (the other symbols and curves will be explained below). The bottom row in Table 1 shows the parameters of best fit to these pooled data. The value of R 2 was 0.94. The baseline B is almost zero and R max was 1.17. The semisaturation point A was 7.8% and ! was close to 1.0 (1.12).
fMRI BOLD response
The activation maps of the BOLD responses from all 5 subjects are presented in Figure 7 for the 6 contrast conditions (rows) and 4 axial slices (columns). Axial slices are located from ventral to dorsal, as indicated by the slice numbers (on the top of each column). Note that the activation tended to increase with increased contrast as indicated by the increase in the size of the region in color for all the subjects. Figure 8 shows the time course of the relative change in the BOLD obtained for the pooled data from all 5 subjects for all 3 daily sessions. Figure 8 shows a very similar pattern to the mfVEP responses in Figure 4 . In particular, as contrast increases, the amplitude of both the mfVEP and BOLD fMRI responses increases with successively higher contrasts yielding progressively smaller increments in response amplitude. Of course, there is a major difference in the time scale of the mfVEP (milliseconds in Figure 4 ) and fMRI (seconds in Figure 8 ) responses.
Figure 5B shows the CRFs (i.e., mean z-score as a function of contrast) for one of the subjects (S1). The thin blue (V1) Tables 2 (for V1) and 3 (for ES). The baseline B values from V1 and ES were near zero. The semi-saturation contrasts A were slightly higher in V1 than ES (11.1% T 2.5% for V1; 8.3% T 2.9% for ES). While the B and A parameters were similar in V1 and ES, the R max values were lower for ES (0.94 T 0.11) than for VI (2.49 T 0.47). This implies that the shapes of CRF curves from two ROIs will be very similar after normalization to account for the difference of absolute signal strength.
The median fMRI values (open circles) from each of the 5 subjects were normalized by the value for 32% contrast. These normalized values were averaged and are shown in Figure 6 as the blue (V1) Tables 2 and 3 . The baseline values B were close to zero, and the R max values were 1.14 and 1.16 for V1 and ES, respectively. The semisaturation points A were10.7% (for V1) and 8.6% (for ES). The values of R 2 were 1.00 (for V1) and 0.99 (for ES). The parameters of best fit to the normalized data in Figure 6 were similar for the V1 and ES regions and both were similar to the parameters of the fit to the mfVEP results as will be discussed below.
The Pearson correlation coefficients (r) between the A values from the mfVEP and the BOLD fMRI responses were poor and not statistically significant. The r-value for the mfVEP and fMRI responses from V1 was j0.04 (p = 0.94), and from ES was 0.43 (p = 0.47).
Discussion
The purpose of the current study was to compare CRFs for mfVEP and BOLD fMRI responses to identical visual stimuli. The resulting CRFs of the mfVEP and BOLD fMRI responses showed good agreement. As seen in Figure 6 , the parameters of Equation 1 were similar. The baseline B was essentially 0 in both cases; the semisaturation contrasts were reasonably close (7.8% for SNR of mfVEP, 10.7 and 8.6% for z-scores of the BOLD fMRI responses for V1 and ES). In other words, the BOLD fMRI responses both for V1 and ES are linearly related to the mfVEP response. In general, the results suggest that fMRI and mfVEP responses share the same functional relationship with underlying neural activity. In particular, the results are consistent with the hypothesis that each is linearly related to the underlying neural activity (the linear hypothesis). Given this hypothesis, one should expect the s parameter values from the fMRI and mfVEP responses to be correlated. The poor correlations are probably due to a combination of factors including the restrict range of s values and the small number of subjects.
While past work has shown a good correlation between the BOLD response and neural activity, the evidence for linear hypothesis is less clear. As discussed above, the Logothetis et al. (2001) primate study supports a monotonic, but not a linear, relationship. Studies with lower mammals (Kayser et al., 2004; Smith et al., 2002; Thompson, Peterson, & Freeman, 2003) , with monkey (Shmuel et al., 2006) , and with humans (Mukamel et al., 2005) also suggested a tightly coupled, but not strictly linear, relationship. On the other hands, several studies (Arthurs, Williams, Carpenter, Pickard, & Boniface, 2000; Brinker et al., 1999; Mathiesen et al., 1998; Norup Nielsen & Lauritzen, 2001; Rees et al., 2000; Schmidt, Singer, & Galuske, 2004; Sheth et al., 2003) concluded that there was a linear relationship. However, the actual data in most of these studies do not provide strong support for this conclusion.
Heeger and his colleague (2000) also concluded there is a linear relationship between the spiking activity and BOLD fMRI response in V1. Their conclusion was based upon a comparison between a model of V1 monkey neural activity and data from a human fMRI study (Boynton et al., 1999) . As the model of V1, based on a sum of V1 single unit activity, fitted the fMRI data well, they concluded that the BOLD responses were proportional to neuronal firing rates. However, as shown in Figure 9 , this model does not describe the mfVEP or BOLD fMRI CRFs in the current study. Figure 9 shows the predicted CRF for the V1 model (gray curves) proposed by Heeger et al. (2000) with the CRFs from Figure 6 . The dashed gray curve was pinned at a maximum response of 1.0 as in Heeger et al.'s study, while the solid gray curve was pinned at the amplitude at 32%. To better understanding the reasons for the poor fit of their model to our data, we need to examine the assumptions underlying their model.
The V1 model assumes that the BOLD response is proportional to the local firing rate (action potentials per second), averaged over a small region of cortex and a short period of time (Boynton, Engel, Glover, & Heeger, 1996; Heeger et al., 2000) . However, the BOLD response may be more closely related to the synaptic activity and local field potentials than to spiking activity (Logothetis et al., 2001; Logothetis & Wandell, 2004) . Perhaps it is the slow potentials that are reflected in the BOLD response and that the V1 model does not describe these slow potentials. The agreement between the BOLD and mfVEP responses in our current study supports these views. The VEP response is not generally thought to reflect spiking activity. Rather, it is largely the result of the local field potentials produced by the interplay of EPSP and IPSP activity on pyramidal cells (e.g., Schroeder, Tenke, & Givre, 1992) .
Given that spiking activity and slow potentials are highly correlated (e.g., Logothetis et al., 2001; Shmuel et al., 2006) , the other assumptions of the V1 model need to be examined as well. While these assumptions are not completely spelled out in the Heeger et al. study, Hood et al. (2006) claimed to make these assumptions explicit. For example, they pointed out that the V1 model must assume that the parameters of Equation 1 do not change over a range of stimulus conditions. This assumption was implied because the monkey data, upon which the model was based, and the human fMRI data, to which it was compared, were obtained with stimuli with different spatiotemporal characteristics. Support for a violation of this assumption comes from fMRI data showing that the temporal (Boynton et al., 1996) and spatial (Boynton et al., 1999) frequency of the stimuli changed the parameters of the CRFs of the BOLD response. The V1 model may need to be modified to take the spatiotemporal characteristics of the stimuli into consideration.
Conclusion
The CRFs for the mfVEP and fMRI responses to the same stimuli show good agreement at all contrast levels. They are linearly related. This result is consistent with the hypothesis that the human mfVEP and BOLD fMRI responses, at least under our stimulus conditions, are linearly related to the underlying neuronal activity, most likely the local slow potentials. Figure 9 . A comparison of the CRFs from this study and a model based upon V1 single cell recordings (Heeger et al., 2000; Hood et al., 2006) . The CRFs from the mfVEP and BOLD fMRI responses from V1 and ES areas are displayed as in Figure 6 . The gray curves (solid and dashed lines) are the CRFs from the V1 model of Heeger et al. (2000) pinned at the maximum response of 1.0 (dashed gray) as in Heeger et al. (2000) , or at the amplitude at 32% (solid gray). The error bars present one standard errors of the means. 
